colour pattern analyses by combining calibrated digital photography and visual modelling. We 23 have integrated and updated existing spatiochromatic colour pattern analyses, including 24 adjacency, visual contrast and boundary strength analysis, to be implemented using calibrated 25 digital photography through the 'Multispectral Image Analysis and Calibration' (MICA) 26 Toolbox. 27 3. This combination of calibrated photography and spatiochromatic colour pattern analyses is 28 enabled by the inclusion of psychophysical colour and luminance discrimination thresholds for 29 
Introduction

48
Animal colour patterns are complex traits which serve a multitude of purposes, including 49 defence against predators (such as camouflage and aposematism), social signalling and 50 thermoregulation (Cott, 1940) . How colour patterns are perceived by animals is unique to a given visual 51 system in a specific context. It depends on the visual background against which they are viewed, the 52 visual capabilities of the signal receiver, the distance from which the pattern is viewed and the ambient 53 light environment (Endler, 1978 (Endler, , 1990 Lythgoe, 1979; Merilaita et al., 2001; Cuthill et al., 2017) . Animal 54 visual systems are diverse, and vary in eye shape and size, visual pigment number and absorbance 55 maximum, photoreceptor type and number, and retinal and post-retinal processing (Lythgoe, 1979; 56 Cronin et al., 2014). When determining the perception of colour patterns in other animals, it is 57 therefore essential to consider spatial acuity (and viewing distance) as well as colour and luminance 58 discrimination abilities (Endler, 1978) . Humans have greater spatial acuity and contrast sensitivity than 
90
Spatiochromatic colour pattern analyses overcome these limitations as they are designed to 91 consider perceptual interactions between spatial, chromatic and achromatic information (Endler, Endler et al., 2018) . For example, not only is the efficiency of visual signals dependent on the presence 97 or absence of colours, but also how those colours are arranged in patterns (Endler, 1984 (Endler, , 2012 how to obtain high quality calibrated image data are outlined in Troscianko & Stevens (2015) . 166 The MICA toolbox provides its own growing set of image analysis tools (e.g. Troscianko et al., animal from a certain distance (Endler, 1978; Marshall, 2000) . For example, a worker bee does not 204 perceive the intricate UV patterns of a flower that guide the bee to its nectar storage until it is close 205 due to the limitations of its visual acuity (Fig. 3) . QCPA adapts and expands upon existing tools for Step 4: Eliminating problems in acuity-related processing using the RNL Ranked Filter Step 5: Psychophysical image segmentation using RNL Clustering Step 6: Colour pattern analysis
249
At this point of the QCPA workflow (Fig. 1) , the user has an image which has been filtered and modified Step 7: Data visualisation 
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an opportunity for visualisation. We have already introduced the ΔS edge intensity images and extend 347 that selection with colour maps, XYZ opponency images and saturation images. figure  5c . The boundary around each ROI pixel cloud reflects 1 ΔS. Darker parts of the cloud indicate more pixels in that ROI are located at that coordinate in the log-transformed RNL colour space. In this case, the flower and its background do not overlap (0%). For tetra-chromatic colour maps the Z-axis is represented as a stack of X&Y maps.
We also introduce the ability to convert cone-catch images to RNL XYZ chromaticity images, 375 which allow visualisation and measurement of the independent axes of colour in a di-tri-or tetra-376 chromatic image, in addition to generating a saturation image (showing the Euclidian distance of each   377 pixel's RNL XYZ chromaticity values to the achromatic point) (Fig. 9) . Step 8: Finding meaning in a pattern space
383
The QCPA provides a huge range of metrics from each image (currently 181 parameters), breaking each 384 image down into a "data fingerprint". Some of these parameters are likely to correlate well with 385 aspects of animal evolution, behaviour and neurophysiology, while others are likely to show no signal. We would also like to point out an approach by Pike (2018) which operates on a similar principle to NaturePatternMatch. 
